Tucaresol, a novel immunomodulator, was inactive against Leishmania donovani amastigotes in both peritoneal and bone marrow macrophages in vitro at concentrations between 100 and 1 M, with toxicity to macrophages and parasites at 300 M. However, against L. donovani in BALB/c mice at doses between 80 and 1.25 mg/kg of body weight administered once daily by the oral route during days 7 to 11 of infection, an optimal dose of 5 mg/kg produced a 43.8 to 62.4% suppression of liver amastigotes, with significantly reduced activity at the extremes of the dose range. This response was not related to levels of infection. No interaction with the standard pentavalent antimonial sodium stibogluconate (Pentostam) was observed during this period of infection. The optimum dose of 5 mg/kg was ineffective when administered during the first week of infection and was most effective against the liver infection when administered during weeks 2 to 3 of infection (42.3 to 46.8% inhibition) and against the splenic infection when administered during week 6 of infection (59.5% inhibition). The optimum dose of tucaresol against L. donovani in C57BL/6 mice was 5 mg/kg, which produced a 40.8 to 48.7% suppression of liver amastigotes when administered in a range of 80 to 1.25 mg/kg during days 7 to 11 of infection. The drug had no activity against L. donovani infections in C.B-17 scid mice when the same regimen was used.
Leishmaniasis is a complex of diseases with visceral, cutaneous, and mucocutaneous pathologies caused by up to 15 different species of the protozoan parasite Leishmania. The visceral form of the disease, caused by Leishmania donovani, Leishmania infantum, or Leishmania chagasi, can be potentially fatal if untreated. Visceral leishmaniasis (VL) is found in tropical and subtropical regions of the world and has a worldwide incidence of up to 500,000 cases (5; World Health Organization, Communicable Diseases Surveillance and Response [CSR] : Leishmaniasis Control [http://www.who.int/emc/diseases/leish/leisepidat.html]). Coinfections with L. infantum and human immunodeficiency virus (HIV) have been a growing problem in Mediterranean countries and have indicated that this parasite is also an opportunist (3). The current recommended drugs for the therapy of VL remain the pentavalent antimonials, sodium stibogluconate (Pentostam) and meglumine antimoniate (Glucantime) (9) , which have been in clinical use for leishmaniasis for over 50 years. Other recommended drugs include amphotericin B, together with lipid formulations of this polyene antibiotic, and the aminoglycoside aminosidine (paromomycin) (9, 10) . All the recommended drugs require parenteral administration and have other limitations that include cost, toxicity, variable efficacy, or restricted supplies. There is no effective treatment for immunosuppressed patients with L. infantum-HIV coinfection (3, 22) .
In the search for new drugs for the treatment of leishmaniasis there has been a major emphasis on biochemical and molecular targets, for example, trypanothione reductase and cysteine proteases, and the identification of inhibitors by rational design or empirical screening (8, 39) . The ability of Leishmania parasites to establish an infection in humans is dependent upon the adaptation of parasites to survive and multiply in the phagosomal compartment of macrophages as well as upon the development of host immunosuppression (12) . The fine balance of this host-parasite interaction has suggested that immunostimulation is another rational approach to the treatment of leishmaniasis. The effects of immunomodulators on both VL and cutaneous leishmaniasis have been studied, either alone or in combination with chemotherapeutic drugs. These studies have included the endogenous biologicals gamma interferon (IFN-␥) (38) and granulocytemacrophage colony-stimulating factor (7) in both experimental and clinical leishmaniasis and interleukin 12 (IL-12) (30) in experimental leishmaniasis, the bacterial and fungal derivatives muramyl dipeptide (2), trehalose dimycolate (19) , and glucan (6) , and the synthetic compounds levamisole (23), lipoidal amine CP-46,665-1 (1), cimetidine (20) , tuftsin (18, 24) , polyinosinic-polycytidylic acid (11) , and imiquimod (14) .
Tucaresol, an orally bioavailable immunopotentiatory drug, has been shown to enhance T-helper-cell activity, with the induction of increased IL-2 and IFN-␥ levels in mice and humans (17, 36) . The compound probably acts through the formation of a Schiff base on CD4 ϩ T-cell surface amines which provides a costimulatory signal between antigen-presenting cells, such as macrophages, and T cells. Convergence of the tucaresol-mediated costimulatory signaling with T-cell receptor signaling occurs at the level of the mitogen-activated protein kinase ERK2 (16) . Tucaresol has proved effective against experimental models of cytomegalovirus and murine colon adenocarcinoma and has been shown to be biologically active as an immunopotentiator, favoring a Th1 response in patients with malignant melanoma (29, 36) . Tucaresol was well tolerated at doses of 400 mg/kg of body weight in phase I and II melanoma trials (29) , and an elimination half-life of 1 week was shown in other studies (4) . The costimulatory potential of tucaresol, as well as its ability to bias immunity toward a cellmediated T-helper-cell response, suggests that it could prove to be of therapeutic benefit against chronic infectious diseases such as VL, which is characterized by its ability to induce T-cell anergy (26) . In this study we describe the effect of tucaresol in murine models of L. donovani infection.
( In vitro studies. Peritoneal exudate macrophages (PEMs) were isolated from female CD1 mice (Charles River Ltd.) and were maintained in 16-well Lab-tek (Nunc, Naperville, Ill.) tissue culture slides in RPMI 1640 medium (Gibco, Paisley, United Kingdom) with 10% heat-inactivated fetal calf serum at 37°C in a 5% CO 2 -air mixture. Bone marrow macrophages (BMMs) were derived from 8-to 10-week-old female BALB/c mice (Charles River Ltd.) as described previously (28) . Briefly, bone marrow cells were eluted from the femur and were cultured for 8 days in Dulbecco modified Eagle medium with GlutaMAX I (Gibco) supplemented with 20% heat-inactivated fetal calf serum, 100 U of penicillin per ml, 100 g of streptomycin per ml, and 10% L-cell-conditioned medium as a source of colony-stimulating factor 1. Macrophages were rested for 2 days in the absence of colony-stimulating factor 1 before use in experiments. L. donovani amastigotes were isolated from an infected hamster spleen and were used to infect the macrophage cultures at a ratio of 10 amastigotes to 1 macrophage. Infected cultures were maintained in medium containing test compounds in either a three-or fivefold dilution series, with quadruplicate cultures at each concentration, for 5 days (35) . Medium was replaced once with fresh medium containing drug on day 3. After the 5-day exposure, the slides were methanol fixed and Giemsa stained and the proportion of infected macrophages was determined in each chamber. The 50 and 90% effective doses (ED 50 s and ED 90 s, respectively) were determined by sigmoidal regression analysis with Xlfit software for Microsoft Excel.
In vivo studies. Female BALB/c mice (Charles River Ltd.), C57BL/6 mice (Charles River Ltd.), and C.B-17 scid mice (from a breeding colony at the London School of Hygiene and Tropical Medicine) were infected intravenously, via the lateral tail vein, with 2 ϫ 10 7 L. donovani amastigotes freshly isolated from the spleen of an infected hamster, followed by random sorting into groups of five. In initial and drug combination experiments, mice were dosed by the oral route once per day from days 7 to 11 of infection. In the time course studies separate groups of five mice were dosed for 5 consecutive days on either days 1 to 5, 7 to 11, 14 to 18, 21 to 25, 28 to 32, 35 to 40, 42 to 46, 49 to 53, or 56 to 60 of infection. Sodium stibogluconate, used either as a standard drug or in combination with tucaresol, was administered subcutaneously once a day for 5 consecutive days. In all regimens described, the mice were killed 3 days after the completion of treatment, livers and spleens were removed and weighed, and impression smears were prepared from a cut surface. Smears were methanol fixed and Giemsa stained (BDH, Poole, United Kingdom). Drug activity was determined by comparing the number of amastigotes per 500 liver cells or spleen cells times the organ weight (in milligrams) in mice from the treated and untreated groups. Data represent the mean Ϯ standard error of the mean (SEM), with differences between values analyzed by a two-tailed Student's t test. ED 50 s were determined by sigmoidal regression analysis with Xlfit software for Microsoft Excel.
All studies were conducted by procedures approved under the United Kingdom Home Office Animals (Scientific Procedures) Act of 1986.
RESULTS
In vitro. Tucaresol had no activity against L. donovani amastigotes in BMMs at 30 to 1 M or in PEMs in the range of 100 to 1 M but was toxic to both PEMs and parasites at 300 M. In the same studies the standard drug sodium stibogluconate had an ED 50 of 4.8 to 5.3 g of Sb V per ml and an ED 90 of 11.3 to 13.4 g of Sb V per ml for parasites in PEMs, in line with previously reported results with this model (35) .
In vivo. In initial studies with L. donovani-infected BALB/c mice, animals were dosed during days 7 to 11 of infection, as performed in standard chemotherapy studies. In two separate experiments, 20 mg of tucaresol per kg, the optimal dose reported by Rhodes et al. (36) , resulted in 26.2 and 24.1% inhibition of liver amastigotes. In three further experiments that explored higher and lower doses of tucaresol, an optimum dose of 5 mg/kg was observed, with 43.8% (P Ͻ 0.05), 59.5% (P Ͻ 0.01) (Fig. 2A) , and 62.4% (P Ͻ 0.01) (Fig. 2B ) suppression of liver amastigotes and limited or no activity at the extremes of the dose range, 1.25 and 80 mg/kg. Although the levels of liver infection in control (untreated) mice varied by 50% between experiments (P Ͻ 0.05), from 8.9 ϫ 10 5 Ϯ 7.1 ϫ 10 4 amastigotes to 1.7 ϫ 10 6 Ϯ 1.5 ϫ 10 5 amastigotes, the levels of inhibition caused by 5 mg/kg were similar, at 59.5 and 62.4%, respectively. Evaluation of the activity of tucaresol against spleen amastigotes was not possible during days 7 to 11 of infection due to low parasite numbers.
The effect of tucaresol on liver and spleen amastigote loads during the course of infection in BALB/c mice was determined at the previously determined optimum dose of 5 mg/kg. Groups of mice were separately treated during either week 1, 2, 3, 4, 5, 6, 7, or 8 of infection and were killed 3 days after the completion of dosing. The pattern of infection of L. donovani in BALB/c mice, with liver infections reaching a maximal level by weeks 4 to 8 postinfection and spleen parasite numbers increasing after weeks 4 to 8 of infection, has been reported elsewhere (21) . In this study and in an earlier study with 20 mg/kg, tucaresol was inactive during the first week of infection. At 5 mg/kg, activity against the liver infection reached a maximum (46.8 and 42.3%, respectively) during weeks 2 to 3, whereas activity against the splenic infection reached a maximum (59.5%) during week 6 (Fig. 3) .
The activity of tucaresol administered during days 7 to 11 of infection was also ascertained in two other strains of mice. In separate experiments, within the range of 80 to 1.25 mg/kg, the maximum efficacy of tucaresol against liver infections in C57BL/6 mice was 40.8% (Fig. 4) and 48.7% at an optimal dose of 5 mg/kg. The compound showed no activity against liver or spleen infections in C.B-17 scid mice in the range of 80 to 1.25 mg/kg.
In all studies, sodium stibogluconate was included as the standard control and showed a normal dose-response effect ( Fig. 2A and B ) with ED 50 s against L. donovani in the range of 10.9 to 16.8 mg of SB V per kg in BALB/c mice and 15.9 mg of SB V per kg in C57BL/6 mice, and limited activity in C.B-17 scid mice. Combinations of tucaresol at 5 mg of Sb v per kg with sodium stibogluconate at 45, 15, and 5 mg/kg during days 7 to 11 of infection in BALB/c mice showed no synergistic or additive effects (Fig. 2B) .
DISCUSSION
VL in humans is characterized by downregulation of the Th2-associated immune response, which involves the action of IL-4 and IL-10, suppression of the secretion of IL-12, and possible inhibition of IFN-␥ production and macrophage re- 
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ACTIVITY OF TUCARESOL AGAINST VISCERAL LEISHMANIASISsponsiveness to IFN-␥ (15, 32, 37) . The most detailed studies of the immune response have been determined with murine models of experimental VL, in which, in addition to diseasepromoting Th2-and disease-suppressing Th1-associated immune responses, L. donovani has also been shown to bring about the downregulation of macrophage costimulatory molecules and major histocompatibility complex class II expression, which leads to poor T-cell and macrophage costimulation and parasite persistence (27, 32) . Tucaresol could overcome this anergic state by acting as a donor for the naturally occurring T-cell ligands associated with the costimulatory activation of T cells (17, 36) to produce the IFN-␥ necessary for macrophage activation and Leishmania killing. In this study we have demonstrated that tucaresol is active against experimental L. donovani infections at the low dose of 5 mg/kg in both the BALB/c (noncure haplotype) and the C57BL/6 (cure haplotype) murine models by oral administration. There was little difference in the activity profile for L. donovani in BALB/c mice (59.5 to 62.4%) ( Fig. 2A and B ) and C57BL/6 mice (40.8 to 48.7%) (Fig. 4) , despite the different host genetic backgrounds and immunological responses to infection in these two murine models (25, 27) . Interestingly, IFN-␥ also produces a similar (50 to 60%) reduction in liver amastigote levels in BALB/c mice when administered alone (31), but unlike IFN-␥, tucaresol does not act in synergy or have an additive response with sodium stibogluconate. The T-cell-dependent action of sodium stibogluconate is well documented (27, 33, 37) , with the synergy with IFN-␥ possibly due to an alteration in the macrophage activation threshold (27) .
The absence of activity in scid mice, which lack T and B cells (13) , as well as the lack of activity against amastigotes in either elicited PEMs or naive BMMs in vitro, would seem to confirm that tucaresol is functioning as an immunomodulator. Further evidence is provided by the characteristic bell-shaped doseresponse curve, a possible consequence of high tucaresol doses interfering with antigen-presenting cell-T-cell conjugation, also reported by Rhodes et al. (36) . The difference in the activity of tucaresol against liver and spleen infections in BALB/c mice follows the pattern of T-cell responses in these two organs, as reported elsewhere (21) . In particular, the absence of any antileishmanial activity during the early weeks of infection in the spleen is due to the slow development of infection in this organ, which reaches a maximal level only after 4 to 8 weeks postinfection. In contrast, liver parasite numbers increase quickly, reaching a maximum in the first 3 to 4 weeks (21). The optimal activity of tucaresol against liver and spleen infections in BALB/c mice (Fig. 3) reflects not only the development of the parasite burdens in these organs but also the development of parasite persistence and T-cell anergy (26) . Potentially, this could have an effect upon the timing of tucaresol dosing postinfection, but it also suggests that tucaresol is acting more like a cytokine, such as IL-12 (27, 34) , in which the timing of administration determines success or failure.
In conclusion, we have demonstrated the novel but limited activity of the immunomodulator tucaresol against experimental VL. As no interactions with the standard antileishmanial agent sodium stibogluconate were shown, further studies will need to explore combinations with other drugs, as well as establish the basis of the interaction with the immune system that leads to the killing of Leishmania parasites.
